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Introduction {#sec1}
============

Transposable elements and other classes of repetitive sequences are controlled by RNA-mediated transcriptional silencing ([@bib11]), which in plants is also known as RNA-dependent DNA methylation (RdDM) ([@bib23]). This process not only prevents deleterious activities of transposons but is also believed to regulate the expression of protein-coding genes ([@bib10]; [@bib52]).

RNA-mediated transcriptional silencing pathway involves two independent classes of noncoding RNA: small interfering RNA (siRNA) and long noncoding RNA (lncRNA) ([@bib23]; [@bib43]). In *Arabidopsis thaliana*, siRNA is produced by the activities of RNA Polymerase IV (Pol IV), RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) and DICER-LIKE 3 (DCL3). It then incorporates into the ARGONAUTE4 (AGO4) protein and provides specificity toward genomic loci with the same sequence as siRNA ([@bib23]). Despite being necessary for AGO4 to bind chromatin and mediate repressive chromatin modifications, siRNA is not sufficient for those events. Another required component is lncRNA, produced by RNA Polymerases II and V (Pol II and Pol V, respectively), which is necessary for siRNA to recognize its genomic target loci ([@bib44]; [@bib50]; [@bib43]).

Pol V is a DNA-dependent RNA polymerase with subunit composition similar to Pol II ([@bib15]; [@bib27]; [@bib54]). Pol V-produced lncRNAs originating from silencing targets have been shown to be required for AGO4 association with chromatin, CHH DNA methylation, and transcriptional silencing ([@bib44], [@bib45]; [@bib52]). These RNAs are believed to work as scaffolds for the assembly of silencing complexes, which establish DNA methylation and repressive histone modifications ([@bib12]; [@bib43]). They have also been proposed to be the primary factors guiding repressive chromatin modifications to gene regulatory regions ([@bib52]; [@bib53]). The mechanism connecting lncRNAs to the activities of chromatin-modifying enzymes is not well understood and only two lncRNA-binding proteins have been identified so far: AGO4 and SUPPRESSOR OF TY INSERTION 5-LIKE (SPT5L).

SPT5L is a homolog of the SPT5 Pol II elongation factor ([@bib4]; [@bib14]; [@bib15]). It binds chromatin at silenced loci independently of AGO4 and has been proposed to work together with AGO4 in the recruitment of chromatin-modifying enzymes ([@bib29]). lncRNAs were also hypothesized to interact with IDN2, an RNA-binding protein required for RNA-mediated transcriptional silencing, which has been shown to bind double-stranded RNA in vitro ([@bib1], [@bib2]; [@bib51]; [@bib48]; [@bib49]). However, the in vivo function of IDN2 remains mysterious.

Besides DNA methylation and posttranslational histone modifications, chromatin status may also be affected by active nucleosome positioning by ATP-dependent chromatin-remodeling complexes, which control DNA accessibility by positioning, moving, or exchanging nucleosomes ([@bib18]; [@bib13]). Although active chromatin remodeling has been shown to control nucleosome positioning and affect transcription throughout genomes ([@bib30]), it remains unknown whether nucleosomes are controlled by the transcriptional silencing pathways. One of the families of ATP-dependent chromatin-remodeling complexes is known as SWI/SNF ([@bib13]). In *Arabidopsis thaliana*, SWI/SNF complexes are known to contain at least four core subunits, including an Snf2 family ATPase and two SWI3 proteins ([@bib33]; [@bib20]).

In this work, we discovered a hitherto unidentified component of the RNA-mediated transcriptional silencing pathway. Looking for lncRNA-associated proteins, we identified SWI3B, a subunit of the SWI/SNF ATP-dependent chromatin-remodeling complex. SWI3B interacts with Pol V-produced lncRNAs indirectly with IDN2 dimers serving as adaptors. SWI3B is required for RNA-mediated transcriptional silencing as indicated by derepression of several known silenced loci and a significant overlap of genes misregulated in mutants defective in lncRNA production or SWI3B activity. Defects in silencing were also observed in mutants of other SWI/SNF subunits indicating that this process involves the whole ATP-dependent chromatin-remodeling complex. Consistently, elimination of Pol V-produced lncRNAs resulted in widespread changes in nucleosome positioning on silencing targets. Moreover, DNA methylation levels were partially reduced in the *swi3b* mutant. These results support a model, where lncRNA recruits IDN2 dimers, which interact with the SWI/SNF complex by its SWI3B subunit. The SWI/SNF complex positions nucleosomes, which affect Pol II transcription by facilitating DNA methylation and/or restricting protein access to DNA.

Results {#sec2}
=======

Pol V-Produced lncRNAs Associate with IDN2 {#sec2.1}
------------------------------------------

To test whether IDN2 physically interacts with Pol V-produced lncRNAs we performed RNA immunoprecipitation (RNA IP) with affinity-purified anti-IDN2 antibody and assayed the obtained samples using real time RT-PCR with primers specific for Pol V transcripts identified by Pol V ChIP-seq ([@bib29]; [@bib46]). IDN2 pulled down RNA from Col-0 wild-type plants at much higher levels than from the *idn2-1* mutant ([Figures 1](#fig1){ref-type="fig"}A and 1B and [Figure S1](#app3){ref-type="sec"}A available online). RNA recovery was also strongly reduced in *nrpe1*, a mutant defective in the largest subunit of Pol V and unable to produce lncRNA ([@bib44]), which suggests that pulled-down RNAs are Pol V-produced lncRNAs. Western blot demonstrated that the anti-IDN2 antibody was specific and that IDN2 stability was not affected in the *nrpe1* mutant ([Figure S1](#app3){ref-type="sec"}B). This demonstrates that IDN2 interacts at least with a subset of Pol V-produced lncRNAs. The *idn2-1* mutant has a substitution followed by an 8 amino acid deletion in its XS domain, which adopts an RNA recognition motif fold and interacts with RNA ([@bib1], [@bib2]; [@bib49]). In contrast to the knockout T-DNA mutant allele *idn2-2*, *idn2-1* line still accumulates IDN2, although at a lower level than the wild-type ([Figure S1](#app3){ref-type="sec"}B). Because the *idn2-1* mutant is defective in transcriptional silencing ([@bib1]) and unable to bind lncRNA ([Figures 1](#fig1){ref-type="fig"}A and 1B), this suggests that interaction of IDN2 with lncRNA may be important for its function in RdDM.

IDN2 Interacts with SWI3B {#sec2.2}
-------------------------

Having established that IDN2 physically interacts with lncRNA, we used a yeast two-hybrid screen with IDN2 as a bait to identify proteins that might be indirectly associated with lncRNA. Among positive clones, we found several corresponding to SWI3B, a subunit of the SWI/SNF ATP-dependent chromatin-remodeling complex ([@bib33]) ([Figure 1](#fig1){ref-type="fig"}C). To validate this finding we used a targeted yeast two-hybrid test, which confirmed that IDN2 interacts with full-length SWI3B but not with other SWI3 homologs (SWI3A, SWI3C, or SWI3D; [Figure 1](#fig1){ref-type="fig"}D). This interaction was then confirmed in vivo by reciprocal coimmunoprecipitations of FLAG- and GFP-tagged IDN2 and SWI3B transiently overexpressed in tobacco leaves ([Figures 1](#fig1){ref-type="fig"}E and [S1](#app3){ref-type="sec"}C) and by coimmunoprecipitation of SWI3B-GFP and IDN2-FLAG driven by their respective native promoters in stable *Arabidopsis* transformants ([Figure 1](#fig1){ref-type="fig"}F). This interaction was lost in IDN2 truncations eliminating predicted coiled-coil regions ([Figure S1](#app3){ref-type="sec"}D) but not in a deletion mutant in the RNA-binding XS domain ([Figures S1](#app3){ref-type="sec"}E and S1F) ([@bib1]), suggesting that IDN2 binds SWI3B using its coiled-coil domain. Together, these results indicate that SWI3B physically interacts with IDN2, and therefore SWI3B might be involved in lncRNA-mediated transcriptional silencing.

IDN2 Dimerization Is Required for Silencing but Not for Interaction with SWI3B {#sec2.3}
------------------------------------------------------------------------------

To check whether recently reported IDN2 dimerization ([@bib2]; [@bib49]) ([Figure 2](#fig2){ref-type="fig"}A) plays a role in the interaction with SWI3B, we identified a region within the IDN2 coiled-coil domain responsible for homodimerization ([Figure 2](#fig2){ref-type="fig"}B). We created the IDN2 M8 mutant with eight point mutations introduced within this region ([Figure 2](#fig2){ref-type="fig"}C) to disrupt homodimerization by specific interactions of the coiled-coil domain. The IDN2 M8 mutant was unable to dimerize in the yeast two-hybrid assay ([Figure S2](#app3){ref-type="sec"}A) and in vivo coimmunoprecipitation in tobacco leaves ([Figure 2](#fig2){ref-type="fig"}D). We tested DNA methylation levels in *idn2-2* knockout mutants transformed with wild-type *IDN2* and *IDN2 M8* by digesting genomic DNA with methylation-sensitive restriction endonucleases followed by PCR. DNA methylation levels on silencing targets *AtSN1*, *IGN5*, and *MEA-ISR* were reduced in the *idn2-2* knockout mutant ([Figures 2](#fig2){ref-type="fig"}E and [S2](#app3){ref-type="sec"}B). Transformation of the *idn2-2* mutant with wild-type *IDN2* restored DNA methylation to wild-type levels; however, *IDN2 M8* was unable to restore DNA methylation ([Figures 2](#fig2){ref-type="fig"}E and [S2](#app3){ref-type="sec"}B). This indicates that dimerization of IDN2 is required for the biological function of IDN2 in the transcriptional gene silencing pathway. We further tested whether IDN2 dimerization was disrupted by deletion in the XS domain present in the *idn2-1* mutant. Yeast two-hybrid and coimmunoprecipitation in tobacco leaves revealed that deletion in the XS domain did not affect IDN2 dimerization ([Figures S2](#app3){ref-type="sec"}C and S2D), suggesting that the XS domain is not needed for IDN2 dimerization. Together with our observation that deletion in the XS domain does not disrupt IDN2 interaction with SWI3B ([Figures S1](#app3){ref-type="sec"}E and S1F), this suggests that deletion within the XS domain only disrupts IDN2 binding to RNA. This provides additional support for interaction with lncRNA being important for IDN2 function in RdDM. We further tested whether dimerization of IDN2 is required for its interaction with SWI3B. Yeast two-hybrid assay revealed that IDN2 M8 was still able to interact with SWI3B ([Figure 2](#fig2){ref-type="fig"}F). Although we cannot exclude that the M8 mutation affects other aspects of IDN2 function, these results suggest that IDN2 dimerization is required for RdDM but not for the interaction of IDN2 with SWI3B.

SWI3B Contributes to Transcriptional Silencing {#sec2.4}
----------------------------------------------

To test whether SWI3B is involved in RNA-mediated transcriptional silencing, we assayed accumulation of RNA produced from silencing targets in a *swi3b* mutant. Because homozygous knockout mutants of *SWI3B* are embryo lethal ([@bib33]), we used plants heterozygous for the *swi3b-2* mutation (*swi3b*/+), which have been shown to have the expression level of *SWI3B* reduced to about 50% and display phenotypes attributed to SWI3B deficiency ([@bib31]) ([Figure S3](#app3){ref-type="sec"}A). Real-time RT-PCR revealed that two transposon-originating transcripts within the *solo LTR* region, a well-characterized target of RNA-mediated transcriptional silencing ([@bib16]; [@bib44]), were derepressed in the *swi3b*/+ mutant as well as in the *idn2* and *nrpe1* mutants ([Figures 3](#fig3){ref-type="fig"}A and 3B). Derepression of *solo LTR* was more pronounced in the *nrpe1* mutant than in the *swi3b*/+ and *idn2* mutants, which is consistent with partial reduction of *SWI3B* in the *swi3b*/+ line ([@bib31]) ([Figure S3](#app3){ref-type="sec"}A) and with IDN2 having several potentially redundant homologs ([@bib1]; [@bib49]). Similar partial reactivation of RdDM targets in the *swi3b*/+ mutant was observed on several other RdDM targets ([Figures 3](#fig3){ref-type="fig"}C--3E and [S3](#app3){ref-type="sec"}B--S3D). These results show that SWI3B contributes to RNA-mediated transcriptional silencing of at least a subset of silencing targets.

SWI3B Controls Expression of Genes Affected by Silencing {#sec2.5}
--------------------------------------------------------

Interaction of SWI3B with lncRNA-binding protein IDN2 and requirement of SWI3B for transcriptional silencing suggest a functional relationship between lncRNA and SWI3B. To test this possibility we used a genome-wide approach to identify genes whose expression is affected in the *swi3b*/+, *nrpe1*, and *idn2-1* mutants. RNA-seq from three biological repeats revealed that out of 280 genes significantly upregulated in the *nrpe1* mutant, 137 (49%) were also upregulated in the *swi3b*/+ line ([Figures 3](#fig3){ref-type="fig"}F and [S3](#app3){ref-type="sec"}G). This is significantly more than 1.8% expected by chance (p → 0, chi-square test). Similarly, out of 343 genes significantly upregulated in the *idn2-1* mutant, 122 (36%) were also upregulated in the *swi3b*/+ line ([Figures 3](#fig3){ref-type="fig"}F and [S3](#app3){ref-type="sec"}G). This is significantly more than 1.7% expected by chance (p → 0, chi-square test). Importantly, 55 genes were upregulated in all three mutants ([Figure 3](#fig3){ref-type="fig"}F), which is significantly more than less than one gene expected by chance (p → 0, chi-square test). A slightly smaller, although still highly significant, overlap was observed among genes downregulated in *nrpe1*, *idn2*, and *swi3b*/+ mutants ([Figures S3](#app3){ref-type="sec"}F and S3G). In contrast, genes upregulated in one genotype and downregulated in another genotype were found at rates not significantly higher than expected by chance ([Figure S3](#app3){ref-type="sec"}G). These results suggest that Pol V, IDN2, and SWI3B affect overlapping groups of genes. Although it is unknown which of those genes are direct targets of Pol V, IDN2, and SWI3B, these results are consistent with SWI3B being involved in the same gene regulatory pathway as Pol V and IDN2. Together with IDN2-lncRNA interaction, IDN2-SWI3B interaction and derepression of silencing targets in the *swi3b*/+ mutant, these data demonstrate that SWI3B is involved in the RNA-mediated transcriptional silencing pathway.

SWI/SNF Complex Contributes to Transcriptional Silencing {#sec2.6}
--------------------------------------------------------

SWI3B is a subunit of a putative SWI/SNF ATP-dependent chromatin-remodeling complex ([@bib33]). Therefore, the involvement of SWI3B in RNA-mediated transcriptional silencing suggests that the SWI/SNF complex may be involved in this process. To test this possibility, we assayed transcriptional silencing in mutants defective in several known components of the SWI/SNF complexes, including four SWI3 proteins ([@bib32], [@bib33]) and two Snf2 family ATPases SPLAYED (SYD) ([@bib39]) and BRAHMA (BRM) ([@bib8]; [@bib55]; [@bib20]). *Solo LTR* was significantly derepressed in the *swi3b*/+, *swi3d*, and *syd* mutants ([Figure 4](#fig4){ref-type="fig"}A), which shows that this locus is controlled by a SWI/SNF complex including SWI3B, SWI3D, and SYD. Another silencing target *At2TE78930* was derepressed in *swi3b*/+, *swi3c*, and *brm* mutants ([Figure 4](#fig4){ref-type="fig"}B), indicating that this locus is also controlled by a SWI/SNF complex; however, the subunit composition of the complex acting on *At2TE78930* is different than on *solo LTR*. Other tested loci also displayed locus-specific contributions of specific SWI/SNF subunits for transcriptional silencing ([Figures 4](#fig4){ref-type="fig"}C and [S4](#app3){ref-type="sec"}A--S4C). These results indicate that SWI3B is not the only subunit of SWI/SNF required for transcriptional silencing. They further suggest that the SWI/SNF complex as a whole contributes to RNA-mediated transcriptional silencing, but subunit contributions may be locus specific.

SWI/SNF Functions Downstream of lncRNA Production {#sec2.7}
-------------------------------------------------

The physical interaction of a SWI/SNF subunit with lncRNA-binding protein IDN2 suggests that SWI/SNF functions downstream of Pol V and might be recruited by Pol V and IDN2 to specific targets in the genome in a similar fashion as AGO4 ([@bib45]) and SPT5L ([@bib29]). Alternatively, SWI/SNF could work with the RDD complex ([@bib24]) and mediate Pol V binding to chromatin and/or Pol V transcription ([@bib44], [@bib45]; [@bib24]). To distinguish between these possibilities, we assayed the accumulation of known Pol V transcripts ([@bib44], [@bib46]; [@bib29]) in *idn2* and *swi3b*/+ mutants. Because of low abundance, these transcripts were not detectable in our RNA-seq data sets and could only be assayed with targeted RT-PCR. We found levels of all tested Pol V transcripts to be unchanged in both *idn2* and *swi3b*/+ mutants ([Figures 4](#fig4){ref-type="fig"}E--4H and [S4](#app3){ref-type="sec"}F--S4I). This shows that IDN2 and SWI/SNF work either in parallel to Pol V transcription or downstream of Pol V-produced lncRNA. This was further confirmed by chromatin immunoprecipitation (ChIP) with anti-SWI3B antibody, which indicated that at least on the tested loci SWI3B binding to chromatin was reduced in the *nrpe1* mutant ([Figure S4](#app3){ref-type="sec"}J). Together with the IDN2-SWI3B interaction and the requirement of SWI/SNF for silencing, these results suggest that Pol V-produced lncRNAs guide the SWI/SNF complex to specific genomic loci with IDN2 being an intermediate adaptor protein.

Pol V Affects Nucleosome Positioning {#sec2.8}
------------------------------------

Because SWI/SNF is a putative ATP-dependent chromatin-remodeling complex, if it is guided to chromatin by lncRNA, it is expected to affect nucleosome positioning in an lncRNA-dependent manner. To test this prediction, we digested nuclei from Col-0 wild-type and *nrpe1* mutant plants with micrococcal nuclease (MNase), which specifically cuts genomic DNA not protected by nucleosomes ([@bib28]) ([Figure S5](#app3){ref-type="sec"}A). We sequenced mononucleosomal DNA and identified 2,544 nucleosomes that were significantly weaker in *nrpe1* than Col-0 wild-type ("Pol V-stabilized") and 2,362 nucleosomes that were significantly stronger in *nrpe1* than Col-0 wild-type ("Pol V-destabilized"). We further narrowed down the list of differential nucleosomes by performing two biological repeats of ChIP-seq with anti-H3 antibody in Col-0 wild-type and *nrpe1* mutant, although limited resolution of ChIP affects the ability to detect differential nucleosomes located in close proximity to well stabilized unaffected nucleosomes. This stringent approach yielded 108 Pol V-stabilized and 655 Pol V-destabilized high confidence nucleosomes. We validated several identified nucleosomes ([Figure S5](#app3){ref-type="sec"}B) using a locus-specific assay, where MNase-digested chromatin is subject to ChIP with anti-H3 antibody followed by real time PCR ([Figure 5](#fig5){ref-type="fig"}A). These nucleosomes were also destabilized in the *idn2-1* mutant ([Figure 5](#fig5){ref-type="fig"}A), which is consistent with IDN2 being and adaptor protein connecting Pol V-produced lncRNA to SWI/SNF. A subset of assayed nucleosomes was also affected in a knockout *brm* mutant ([Figure 5](#fig5){ref-type="fig"}A), which further suggests that at least a fraction of lncRNA-mediated nucleosome positioning is mediated by the SWI/SNF complex. Together, these data allow speculation that Pol V-produced lncRNAs mediate nucleosome positioning by guiding the SWI/SNF complex to specific genomic loci.

Pol V Mediates Nucleosome Stabilization on Silencing Targets {#sec2.9}
------------------------------------------------------------

Nucleosomes have been shown to be generally correlated with DNA methylation ([@bib7]). To test whether Pol V may contribute to this phenomenon, we compared published DNA methylation data ([@bib53]) to the nucleosomes affected by Pol V. We found that in Col-0 wild-type, Pol V-stabilized nucleosomes were significantly enriched in CHH methylation when compared to nucleosomes with no significant changes in *nrpe1* (p \< 10^−9^; t test; [Figures 5](#fig5){ref-type="fig"}B and [S5](#app3){ref-type="sec"}C). Pol V-stabilized nucleosomes were also significantly, yet to a lesser extent enriched in CHG methylation (p \< 10^−4^; t test; [Figures 5](#fig5){ref-type="fig"}C and [S5](#app3){ref-type="sec"}D). We further compared DNA methylation on nucleosomes in Col-0 wild-type to the *nrpe1* mutant. We found that DNA methylation on Pol V-stabilized nucleosomes was reduced in the *nrpe1* mutant to levels comparable to those observed on nucleosomes unaffected in *nrpe1* or throughout the entire genome ([Figures 5](#fig5){ref-type="fig"}B--5D). Observed reduction in DNA methylation was especially apparent in CHH (p \< 10^−9^; t test) and CHG (p \< 0.002; t test) contexts. This indicates that Pol V-stabilized nucleosomes overlap Pol V-mediated DNA methylation. In contrast, Pol V-destabilized nucleosomes showed no enrichment in wild-type DNA methylation compared to nucleosomes unaffected in *nrpe1* or to the entire genome ([Figures 5](#fig5){ref-type="fig"}B--5D and [S5](#app3){ref-type="sec"}C--S5E). In the *nrpe1* mutant, DNA methylation on Pol V-destabilized nucleosomes was slightly increased (CHH, p \< 0.002; CHG, p \< 0.03; CG, p \< 0.002; t test), which reflects similar effects on nucleosomes unaffected in *nrpe1* or throughout the entire genome ([@bib46]) ([Figure 5](#fig5){ref-type="fig"}B--5D). These findings indicate that Pol V-stabilized but not Pol V-destabilized nucleosomes are preferentially present on regions of Pol V-dependent DNA methylation. This is consistent with Pol V-produced lncRNAs mediating both DNA methylation and nucleosome positioning.

To further test whether Pol V-stabilized nucleosomes overlap direct Pol V targets, we used a published Pol V ChIP-seq data set ([@bib46]) to calculate enrichment of Pol V binding on the three categories of nucleosomes. We found that Pol V-stabilized nucleosomes were enriched in Pol V binding compared to Pol V-destabilized nucleosomes or nucleosomes unaffected in *nrpe1* ([Figure 5](#fig5){ref-type="fig"}E). Pol V binding and Pol V-dependent CHH methylation are also clearly visible on validated Pol V-stabilized nucleosomes ([Figure S5](#app3){ref-type="sec"}B). These results show that Pol V-stabilized nucleosomes are present on Pol V targets. This suggests that, in addition to facilitating DNA methylation, Pol V mediates nucleosome positioning and further supports the model that Pol V-produced lncRNAs control nucleosome positioning on silencing targets.

Pol V-stabilized nucleosomes were also enriched on gene promoters and depleted on transcribed sequences ([Figure S5](#app3){ref-type="sec"}F), suggesting that nucleosome remodeling may be involved in the control of gene expression. To test this possibility, we overlapped the long list of differential nucleosomes generated using only MNase-seq with genes affected in *swi3b*/+, *nrpe1*, and *idn2-1* mutants. Pol V-stabilized nucleosomes were slightly, yet significantly enriched on genes upregulated or downregulated in all three mutants compared to corresponding permutations of genes ([Figure 5](#fig5){ref-type="fig"}F). Consistently, when we mapped nucleosomes affected in the *nrpe1* mutant to chromosomes, Pol V-stabilized nucleosomes were present throughout gene-rich chromosome arms ([Figure S5](#app3){ref-type="sec"}G). In contrast, Pol V-destabilized nucleosomes displayed a preference toward pericentromeric regions ([Figure S5](#app3){ref-type="sec"}G), which is consistent with redistribution of silencing toward pericentromeric regions in the *nrpe1* mutant ([@bib46]). This shows that Pol V-stabilized nucleosomes can be correlated with Pol V- and SWI/SNF-controlled genes. This is further consistent with lncRNA-guided nucleosome positioning being an important factor in transcriptional silencing.

SWI/SNF Contributes to DNA Methylation {#sec2.10}
--------------------------------------

Correlation between Pol V-stabilized nucleosomes and Pol V-mediated DNA methylation may be explained by both nucleosome stabilization and DNA methylation being independently guided by lncRNA to the same genomic regions. Alternatively, preexisting DNA methylation may promote nucleosome stabilization or nucleosomes may be preferred targets for DNA methyltransferases. We tested these possibilities by assaying positioning of selected Pol V-stabilized nucleosomes in *drm2*, a mutant in de novo DNA methyltransferase. Five of the tested nucleosomes were destabilized in the *drm2* mutant, while one nucleosome was not significantly affected ([Figure 5](#fig5){ref-type="fig"}A). This is consistent with DNA methylation promoting nucleosome positioning but only on a subset of loci. To test whether nucleosome positioning affects DNA methylation, we assayed DNA methylation on silenced loci in the *swi3b*/+ mutant. *Solo LTR*, *siR02*, and *At2TE78930* all had CHH methylation levels reduced to around 50% in *swi3b*/+ ([Figures 6](#fig6){ref-type="fig"}A--6C). Less-pronounced reduction was observed at *IGN6*, *IGN22*, and *LTRCO3* ([Figures 6](#fig6){ref-type="fig"}D--6F). This suggests that nucleosome positioning affects DNA methylation possibly by well-positioned nucleosomes being preferential targets for DNA methyltransferases; however, indirect effects cannot be excluded. Together, these results are consistent with a model where transcriptional silencing is established by Pol V-produced lncRNA guiding both positioned nucleosomes and DNA methylation, while maintenance of silencing is additionally facilitated by a mutual feedback loop between well positioned nucleosomes and DNA methylation.

Discussion {#sec3}
==========

Our results uncover an additional pathway connecting Pol V-produced lncRNA to the establishment of silent chromatin status. The initial step in this pathway is the association of lncRNA with IDN2 ([Figures 1](#fig1){ref-type="fig"}A and 1B), a process that may involve an entire IDN2-containing complex composed of an IDN2 dimer ([Figure 2](#fig2){ref-type="fig"}A) and two IDN2-related proteins ([@bib2]; [@bib48]; [@bib49]). IDN2 has been shown in vitro to bind double-stranded RNA using its XS domain ([@bib1], [@bib2]; [@bib49]); therefore, IDN2 may bind lncRNA-siRNA duplexes or hairpin regions within lncRNA. It also implies that the IDN2-lncRNA association may be directed either by AGO4-siRNA complexes or IDN2 may bind lncRNA without the requirement for siRNA in a manner similar to SPT5L ([@bib29]).

The next step in this pathway is the physical interaction between IDN2 and SWI3B, a subunit of the ATP-dependent chromatin-remodeling complex ([Figures 1](#fig1){ref-type="fig"}C--1F). Consistently, transcriptional silencing was partially lost on several known loci in the *swi3b*/+ mutant ([Figures 3](#fig3){ref-type="fig"}A--3E). Although it remains possible that IDN2-lncRNA complexes are distinct from the ones formed by IDN2 and SWI/SNF, our transcriptome analysis shows a significant overlap between genes affected by the *nrpe1* mutant, *idn2-1* mutant, in which IDN2 is unable to interact with lncRNA and the *swi3b*/+ mutant ([Figure 3](#fig3){ref-type="fig"}F). This is consistent with lncRNA, IDN2, and SWI/SNF working together and suggests that the silencing signal is transmitted from Pol V-produced lncRNA to SWI3B by IDN2 ([Figure 7](#fig7){ref-type="fig"}).

Defects in transcriptional silencing observed in plant lines defective for the other tested subunits of the SWI/SNF complex ([Figures 4](#fig4){ref-type="fig"}A--4C) suggest that the involvement of SWI3B in transcriptional silencing reflects the involvement of the entire SWI/SNF complex. Interestingly, however, subunit composition of the SWI/SNF complex seems to be locus specific ([Figures 4](#fig4){ref-type="fig"}A--4C). This is consistent with the subunit variants being responsible for functional diversification of the SWI/SNF complexes ([@bib33]; [@bib3]; [@bib13]). The high level of functional diversification of the *Arabidopsis* SWI/SNF complexes is further supported by the observation that mutants in SWI/SNF subunits have additional phenotypes, which are likely not associated with RNA-mediated transcriptional silencing ([@bib33]; [@bib3]; [@bib40]; [@bib9]; [@bib47]). This indicates that SWI/SNF complexes also have other biological functions beyond RNA-mediated transcriptional silencing.

The following step in this pathway is nucleosome positioning, as demonstrated by the changes in nucleosome patterns in the *nrpe1* mutant. Our findings are consistent with a model ([Figure 7](#fig7){ref-type="fig"}) in which these effects are mediated by the ATP-dependent chromatin-remodeling activity of SWI/SNF; however, alternative mechanisms cannot be excluded at this moment. Pol V-produced lncRNA does not seem to be involved in the establishment of conserved nucleosome patterns ([@bib7]) on most protein-coding genes. Instead, it specifically mediates stabilization of nucleosomes on sequences enriched in Pol V-dependent non-CG DNA methylation ([Figures 5](#fig5){ref-type="fig"}B--5D), a hallmark of RNA-mediated transcriptional silencing ([@bib23]). This is consistent with previously observed genome-wide correlation between positioned nucleosomes and DNA methylation in all sequence contexts ([@bib7]). The Pol V-stabilized nucleosomes were also significantly enriched on genes upregulated in the *nrpe1*, *idn2-1*, and *swi3b*/+ mutants ([Figure 5](#fig5){ref-type="fig"}F), indicating that these nucleosomes may affect Pol II transcription of at least a subset of silencing targets.

The final step of the pathway is repression of Pol II transcription on silenced regions, demonstrated by reduction of transcriptional silencing in *nrpe1*, *idn2*, and *swi3b*/+ mutants ([Figures 3](#fig3){ref-type="fig"}A--3E). Locus-specific destabilization of nucleosomes in the *drm2* mutant and partial reduction of DNA methylation in the *swi3b*/+ mutant ([Figures 5](#fig5){ref-type="fig"}A and [6](#fig6){ref-type="fig"}A--6F) support a model in which transcriptional silencing is established by Pol V-produced lncRNA guiding both positioned nucleosomes and DNA methylation. On the other hand, maintenance of silencing is mediated by continuous action of lncRNA further reinforced by a mutual feedback loop between well-positioned nucleosomes and DNA methylation. Pol II is then repressed by DNA methylation of *cis*-regulatory regions and/or well-positioned nucleosomes directly affecting the ability of transcriptional machinery to bind DNA.

Our data show the role of nucleosome positioning in the final steps of the RNA-mediated transcriptional silencing pathway. It is however possible that active changes in nucleosome occupancy are also critical at other steps of the pathway and in other silencing pathways. Production of siRNA and Pol V-produced lncRNA has been shown to require two distinct putative chromatin remodelers CLASSY1 and DRD1 ([@bib19]; [@bib35]; [@bib44]; [@bib25]). Additionally, maintenance of DNA methylation requires the DDM1 protein, which has been shown to have a nucleosome-remodeling activity in vitro ([@bib17]; [@bib5]). This indicates that nucleosome remodeling may play a multitude of roles in transcriptional silencing.

Generally, involvement of lncRNAs is a common theme in transcriptional regulation in various groups of organisms ([@bib41]), and guiding protein factors to specific genomic loci is a function of lncRNA in several regulatory processes, including RNA-mediated transcriptional silencing ([@bib6]). It is therefore possible that the recruitment of ATP-dependent chromatin-remodeling complexes and nucleosome positioning may be a general and conserved feature of lncRNA.

Overall, our results are consistent with a model in which lncRNAs produced by Pol V affect gene expression by mediating nucleosome positioning ([Figure 7](#fig7){ref-type="fig"}). Nascent Pol V transcripts physically interact with IDN2 dimers, which then recruit the SWI/SNF ATP-dependent chromatin-remodeling complex by the physical interaction with SWI3B. SWI/SNF positions nucleosomes, which affect transcriptional machinery. Additionally, maintenance of silencing is reinforced by a feedback loop between DNA methylation and nucleosome positioning.

Experimental Procedures {#sec4}
=======================

Plant Lines {#sec4.1}
-----------

*Arabidopsis thaliana nrpe1* (*nrpd1b-11*) mutant was described previously ([@bib26]). *swi3a-1* (SALK_035320), *swi3c-2* (Koncz_3737), and *swi3d-2* (Koncz_14259) were kindly provided by Tomasz Sarnowski ([@bib33]). *swi3b-2* ([@bib33]) (GABI_302G08), *syd-4* (SALK_149549), and *brm-4* ([@bib37]) (WiscDsLox 436E9) were obtained from the Arabidopsis Biological Resource Center. *idn2-1* ([@bib1]) was kindly provided by Steve Jacobsen. *idn2-2* (FLAG_550B05) was obtained from the French National Institute for Agricultural Research (INRA).

Protein-Protein Interaction Assays {#sec4.2}
----------------------------------

Protein-protein interactions were assayed with yeast two-hybrid as well as coimmunoprecipitation of proteins expressed in tobacco leaves or in *Arabidopsis* ([@bib36]). Details are provided in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}.

Site-Directed Mutagenesis {#sec4.3}
-------------------------

Entry plasmids containing full-length genomic or complementary DNA (cDNA) clones were used to introduce deletions or mutations in *IDN2* with the Quickchange Site-Directed Mutagenesis Kit (Stratagene).

RNA Immunoprecipitation {#sec4.4}
-----------------------

RNA IP with anti-IDN2 antibody was performed as described ([@bib44]), except that IP was performed with 40 μl Dynabeads protein A at 4°C overnight and analyzed by real-time RT-PCR. Amplified cDNA was generated with the Ovation RNA-Seq System V2 (Nugen) according to the manufacturer's protocol. Rabbit polyclonal anti-IDN2 antibody was raised against an N-terminal portion of the IDN2 protein (aa 4--201) expressed in bacteria and affinity purified.

Chromatin Immunoprecipitation {#sec4.5}
-----------------------------

ChIP-seq was performed as described ([@bib52]). Library generation and Illumina sequencing were performed by the University of Michigan Sequencing Core. ChIP real-time PCR protocol was based on [@bib44] with an additional Micrococcal Nuclease (MNase) digestion prior to IP. We used anti-histone H3 antibody (ab1791, Abcam) or affinity-purified rabbit polyclonal anti-SWI3B antibody raised against a C-terminal portion of the SWI3B protein (aa 248--469). Details are provided in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}.

MNase-Seq {#sec4.6}
---------

Nuclei were extracted from 2-week-old *Arabidopsis* seedlings as described ([@bib44]) and were digested with Micrococcal Nuclease (MNase; NEB). Mononucleosomal DNA was gel purified and used for library generation and Illumina sequencing. Details are provided in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}.

Bioinformatic Analysis {#sec4.7}
----------------------

RNA-seq reads from three independent biological repeats were aligned and processed to the *Arabidopsis* TAIR10 genome with the BOWTIE suite (BOWTIE, TOPHAT, and CUFFLINKS) ([@bib22]). Overlaps between sets of differentially expressed genes were determined based on gene ID while expected values were derived by the formula: set1(set2 / total genes); p values were generated from these values with a chi-square test.

MNase-seq and ChIP-seq reads were aligned with BOWTIE's default settings and nucleosomes were called using MNase-seq data as described ([@bib42]). Nucleosome lists were generated in Col-0 as well as in *nrpe1* and the lists from both genotypes were combined. Reads corresponding to nucleosomes were counted in both genotypes, quantile normalization was applied and the highest 5% nucleosomes according to read depth were removed. The remaining nucleosomes were classified as either decreased in *nrpe1* (Pol V-stabilized) or increased in *nrpe1* (Pol V-destabilized) via a combination of 2-fold change cutoff and Poisson significance of p \< 0.001; unchanged nucleosomes were classified as having less than 1.5-fold difference between genotypes. Nucleosomes were further filtered with enrichment scores from H3 ChIP-seq with a Poisson significance of p \< 0.05. Published DNA methylation data ([@bib53]) were overlapped with the nucleosome list and methylation profiles were generated in 10 bp windows with a 5 bp sliding window for smoothing. Published Pol V ChIP-seq data ([@bib46]) was similarly overlapped with nucleosomes and profiles were generated with Sitepro from the CEAS suite ([@bib34]). Overlaps with differential transcripts were performed with 1,000 permutated gene sets to obtain expected numbers and p values.

Accession Numbers {#app1}
=================

Next generation sequencing data reported in this manuscript have been deposited in the GEO under accession number [GSE38464](ncbi-geo:GSE38464).

Supplemental Information {#app3}
========================

Document S1. Supplemental Experimental Procedures, Figures S1--S5, and Table S1Table S2. List of Genes and Differential Nucleosomes Identified in This Study, Related to Figures 3 and 5
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![IDN2 Interacts with lncRNA and SWI3B\
(A and B) IDN2 interacts with Pol V-produced lncRNA. RNA immunoprecipitation was performed with anti-IDN2 antibody in Col-0 wild-type, *nrpe1* mutant, and *idn2-1* mutant with a deletion in the RNA-binding XS domain. Recovered RNA was digested with DNase I and assayed by real-time RT-PCR (A) or reverse transcribed and amplified followed by real-time PCR (B). *ACTIN2* signal serves as a loading control. Graphs show averages normalized to the wild-type and SD from four (A) or two (B) biological repeats. Input, no antibody and no RT controls as well as RNA IP results normalized to wild-type inputs are shown in [Figure S1](#app3){ref-type="sec"}A.\
(C) Domain structure of SWI3B and SWI3B clones identified with the yeast two-hybrid screen with IDN2 as bait.\
(D) IDN2 interacts with SWI3B but not with its homologs, SWI3A, SWI3C, or SWI3D. Interaction of full-length SWI3A, SWI3B, SWI3C, and SWI3D with IDN2 was tested with a yeast two-hybrid assay. A series of three 10× dilutions is shown. Yeast growth on a plate with His is shown as a loading control.\
(E) IDN2 interacts with SWI3B in tobacco. GFP-tagged SWI3B was coexpressed in tobacco leaves with FLAG-tagged IDN2. After immunoprecipitation with anti-GFP antibody the samples were analyzed by western blot with anti-FLAG antibody. Plants expressing only single construct were used as controls. Total protein extracts (inputs) were assayed by western blot to demonstrate comparable protein expression levels. The asterisk indicates a nonspecific band. Reciprocal coimmunoprecipitation is shown in [Figure S1](#app3){ref-type="sec"}C.\
(F) IDN2 interacts with SWI3B in *Arabidopsis*. GFP-tagged SWI3B and FLAG-tagged IDN2 under the control of their respective native promoters were transformed into *Arabidopsis*. Obtained transgenic lines were crossed and analyzed by coimmunoprecipitation with anti-GFP antibody and western blot with anti-FLAG antibody. Asterisks indicate nonspecific bands.\
See also [Figure S1](#app3){ref-type="sec"}.](gr1){#fig1}

![IDN2 Homodimerization Is Required for Silencing but Not for the Interaction with SWI3B\
(A) IDN2 dimerizes. GFP- and FLAG-tagged IDN2 were coexpressed in tobacco leaves. After immunoprecipitation with anti-GFP antibody, the sample was analyzed by western blot with anti-FLAG antibody.\
(B) Subdomain B within coiled-coil region of IDN2 is responsible for IDN2 dimerization. Four coiled-coil subdomains were identified within IDN2 with Paircoil2 ([@bib56]), and corresponding deletion mutants were tested by yeast two-hybrid assay for interaction with wild-type IDN2.\
(C) Point mutants within subdomain B of the coiled-coil region of IDN2. Point mutants were designed to contain 3 (triple) or 8 (octuple, M8) amino acids within registers A and D of the coiled-coil alpha helix changed to arginines or glycines to disrupt interactions mediated by the coiled-coil with minimal impact on the alpha-helix of the coiled-coil domain ([@bib38]).\
(D) Dimerization is lost in IDN2 with a mutated coiled-coil domain. GFP-tagged wild-type IDN2 was coexpressed in tobacco leaves with FLAG-tagged IDN2 M8. After immunoprecipitation with anti-GFP antibody the sample was analyzed by western blot with anti-FLAG antibody. FLAG-tagged wild-type IDN2 was used as a control. Total protein extracts (inputs) were assayed by western blot to demonstrate comparable protein expression levels. The asterisk indicates a nonspecific band.\
(E) IDN2 dimerization is required for DNA methylation. *idn2-2* knockout mutant *Arabidopsis* plants were transformed with wild-type *IDN2* and *IDN2 M8*. Flowers of obtained transgenic plants were assayed for changes in DNA methylation by digesting with DNA methylation-sensitive restriction endonucleases (HaeIII for *AtSN1* and *IGN5*, Sau3AI for *MEA-ISR*) followed by PCR. Sequences with no restriction sites were used as controls (*ACTIN2* for HaeIII and JA35/JA36 for Sau3AI). More independent transgenic lines are shown in [Figure S2](#app3){ref-type="sec"}B.\
(F) IDN2 dimerization is not required for interaction with SWI3B. IDN2 M8 mutant within the subdomain B of the coiled-coil region was tested for interaction with SWI3B by yeast two-hybrid assay.\
See also [Figure S2](#app3){ref-type="sec"}.](gr2){#fig2}

![SWI3B Contributes to RNA-Mediated Transcriptional Silencing\
(A--E) Silencing targets are derepressed in the *swi3b*/+ mutant. RNA accumulation in flowers from *solo LTR* (A and B), *At1TE51360* (C), *At2TE78930* (D), and *At3TE47400* (E) were assayed by real-time RT-PCR in *idn2-2* mutant compared to Ws wild-type and in *swi3b*/+ and *nrpe1* mutants compared to Col-0 wild-type. Graphs show averages normalized to *ACTIN2* and SD from three biological repeats. More loci are shown in [Figures S3](#app3){ref-type="sec"}B--S3E.\
(F) SWI3B controls the expression levels of a significant subset of Pol V and IDN2 targets. Venn diagram showing genes identified by RNA-seq to be upregulated in *nrpe1, idn2-1* and/or *swi3b*/+ mutants. RNA-seq was performed in three independent biological repeats in seedlings. Asterisks denote statistically significant enrichment of overlaps (see the main text and [Figure S3](#app3){ref-type="sec"}G for details).\
See also [Figure S3](#app3){ref-type="sec"} and [Table S2](#mmc2){ref-type="supplementary-material"}.](gr3){#fig3}

![RNA-Mediated Transcriptional Silencing Involves the SWI/SNF Complex, which Works Downstream of lncRNA Production\
(A--C) Silencing targets are derepressed in mutants defective in SWI/SNF subunits. RNA accumulation in flowers from *solo LTR* (A), *At2TE78930* (B), or *At1TE51360* (C) was assayed by real-time RT-PCR in *swi3a*/+, *swi3b*/+, *swi3c, swi3d, syd*, and *brm* mutants compared to Col-0 wild-type. Graphs show averages normalized to *ACTIN2* and SD from three biological repeats, normalized to Col-0 wild-type.\
(D--H) IDN2 and SWI3B are not required for lncRNA production. Pol V-produced lncRNAs *IGN29* (E), *IGN5* (F), *IGN22* (G), and *IGN27* (H) were assayed in seedlings by real-time RT-PCR in *idn2-1* and *swi3b*/+ mutants compared to Col-0 wild-type. *nrpe1* mutant was used as a negative control. To check for potential DNA contaminations, no RT control was performed on *ACTIN2* ([Figure S4](#app3){ref-type="sec"}E) and, additionally, no RNA controls were performed for all primer pairs tested. *ACTIN2* (D) is a loading control. Error bars show averages and SD from three biological repeats. More loci are shown in [Figures S4](#app3){ref-type="sec"}F--S4I.\
See also [Figure S4](#app3){ref-type="sec"}.](gr4){#fig4}

![Pol V Mediates Nucleosome Positioning\
(A) Validation of Pol V-stabilized nucleosomes. Nucleosomes identified with genome-wide assays ([Figure S5](#app3){ref-type="sec"}B) were assayed in seedlings and in case of *brm* in mature leaves with MNase digestion followed by H3 ChIP and real-time PCR. ChIP signal values were normalized to *ACTIN2* and Col-0 wild-type. *HSP70* is a negative control ([@bib21]). Bars show averages and SD from three biological repeats.\
(B--D) Nucleosomes stabilized by Pol V are enriched in Pol V-dependent DNA methylation. Published genome-wide DNA methylation data sets from Col-0 wild-type and *nrpe1* mutant ([@bib53]) were used to calculate average DNA methylation levels on nucleosomes identified by MNase-seq and H3 ChIP-seq. Pol V-stabilized and Pol V-destabilized nucleosomes were compared to nucleosomes unaffected in *nrpe1* and to the entire genome (genome overall). DNA methylation levels were independently calculated in CHH (B), CHG (C), and CG (D) contexts. Asterisks indicate significant enrichment (see the main text).\
(E) Pol V-stabilized nucleosomes are enriched in Pol V binding. A published Pol V ChIP-seq data set ([@bib46]) was used to calculate profiles of Pol V binding around the centers of nucleosomes identified using MNase-seq and H3 ChIP-seq, which are Pol V-stabilized, Pol V-destabilized, or unaffected in *nrpe1*.\
(F) Pol V-stabilized nucleosomes are enriched on genes upregulated or downregulated in *nrpe1* and *swi3b*/+ mutants. Nucleosomes identified with MNase-seq as Pol V-stabilized were overlapped with genes identified with RNA-seq as upregulated or downregulated in *nrpe1* or *swi3b*. Permutations of gene sets were overlapped in parallel to calculate enrichment. Asterisks indicate significant enrichment (p \< 0.02).\
See also [Figure S5](#app3){ref-type="sec"} and [Table S2](#mmc2){ref-type="supplementary-material"}.](gr5){#fig5}

![SWI/SNF Is Required for Wild-Type Levels of CHH Methylation\
(A--F) DNA methylation was assayed in flowers with digestion with methylation-sensitive restriction endonucleases followed by real-time PCR amplification of *solo LTR* (A), *siR02* (B), *At2TE78930* (C), *IGN6* (D), *IGN22* (E) and *LTRCO3* (F) (*At3TE51910* \[[@bib16]\]). Graphs show average DNA methylation levels normalized to *ACTIN2* and to wild-type. Error bars represent the SD from three biological repeats.](gr6){#fig6}

![A Model of the Involvement of Nucleosome Positioning in lncRNA-Mediated Transcriptional Silencing\
siRNA is produced by the activities of Pol IV, RDR2, and DCL3 to give AGO4 sequence specificity. Pol V produces lncRNAs, which are bound by IDN2 dimers. IDN2 recruits the SWI/SNF ATP-dependent chromatin-remodeling complex by physical interaction with SWI3B. The SWI/SNF complex positions nucleosomes. Positioned nucleosomes silence transcription directly or by facilitating DNA methylation by the de novo methyltransferase, DRM2. Maintenance of silencing is reinforced by a positive feedback between DNA methylation and nucleosome positioning.](gr7){#fig7}
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